Introduction
Proteus syndrome (PS) was described as a discrete clinical entity in 1979 1 and assigned its name several years later. 2 This is a relatively recently delineated syndrome, probably because it is so rare and because it overlaps with a number of other asymmetric overgrowth syndromes. Of course, the syndrome is not 'new' and the oldest known case is that of Mr Joseph Merrick, described by Treves in the 19th century. 3, 4 The rarity of PS contributes to confusion and controversy regarding the disorder, especially regarding the diagnosis. We advocate for stringent diagnostic criteria, which delineate a distinct cohort of patients who have a similar type of overgrowth and a predictable set of complications. 5 -7 However, this does not imply that all patients with PS have a similar degree of severity. In fact, PS causes a remarkable degree of interpatient variation in the severity and the extent of the involvement. A review of reported cases that were re-screened using the proposed diagnostic criteria suggests that important insights can be gained by studying well-defined cohorts. 8 The present review first delineates the manifestations of the disorder and then considers the published diagnostic criteria. Finally, some issues of management, prognosis and etiology are considered.
Manifestations
The disorder primarily manifests as postnatal overgrowth, with irregular, distorting and progressive overgrowth that can include many tissues. All patients with PS manifest the phenotype in a patchy or mosaic pattern. The manifestations are typically asymmetric and the location of the manifestations varies remarkably among the patients. Some patients have a strikingly limited extent of the manifestations, which can make diagnosis challenging, as described below. The manifestations of PS apparently can include any tissue of the body. Although bone, connective tissue and fat are the most commonly involved tissues, we have evaluated patients with overgrowth of the central nervous system, spleen, thymus, colon and other tissues. The manifestations of overgrowth are almost always asymmetric. In fact, the presentation of overgrowth in a symmetric pattern (eg, overgrowth of both hands and both feet) should lead one to doubt the diagnosis of PS, as this is rare in confirmed cases. The second general feature of PS is that it is rapidly progressive and typically occurs at a frighteningly rapid pace. Most patients with PS are born without significant asymmetry and the asymmetric overgrowth starts in the 6 -18 months age range. The rate of overgrowth is such that affected body parts rapidly become disproportionate. The nature of the overgrowth in PS is also distinctive, when compared to other disorders that manifest asymmetric overgrowth. It is termed irregular and progressive to distinguish it from the more common form of overgrowth, which is proportionate and regular or what we have termed 'ballooning' (Figure 1 ). In patients with PS, the overgrowth typically affects the bone underlying the enlarged body part in a remarkably irregular fashion causing the body part and the underlying bone to lose its normal architecture. Indeed, one of the hallmarks of the disorder is that the affected bones can become unrecognizably distorted. Although it is the limbs that are most commonly involved, any body part can overgrow. Vascular malformations are also common in PS. 9, 10 These are most commonly cutaneous capillary malformations, but some patients have venous malformations and we are aware of one unambiguously affected patient who has intracranial arteriovenous malformations. Overall, we believe that arterial vascular malformations are uncommon in PS. It is worth noting that the vascular malformations of PS are not typically as severe as are those in the Klippel -Trenaunay syndrome 11 (KTS). As well, PS can be distinguished from KTS because it has a number of specific manifestations that are not seen in KTS such as cerebriform connective tissue nevi. Dysregulation of fatty tissue is a hallmark of PS. In fact, one of the more intriguing manifestations of PS is that it can include both overgrowth and atrophy of fatty tissues. Although many patients are described as having 'lipomas', it should be recognized that these are actually localized overgrowth of fatty tissue in areas that normally have such tissue and these fatty tissue overgrowths are not encapsulated, as are the common, ovoid lipomas seen in elderly patients. Many patients with confirmed PS have had significant, and even severe localized overgrowth of fatty tissue in the abdomen or extremities and also had lipoatrophy in other areas of the body, most commonly the chest. For this reason, we refer to PS as manifesting Figure 1 The distinction of overgrowth in a patient with PS (a -c) from that of a patient with hemihyperplasia (d, e). Panel a shows an early CCTN.
Note that the appearance of this lesion is distinct from that of wrinkling of normal sole tissue. Panels b and c are from a patient with more advanced PS demonstrates several features of the disorder. Panel b shows distorting overgrowth of the first and fifth digits (arrows) with loss of the normal architecture of the digits. The overgrowth in the patient with PS is associated with calcified tissue around the epiphyses that restricts movement at the affected joints. The overgrowth in the patient with hemihyperplasia (d, e) is described by as 'ballooning' overgrowth as it is not associated with distortion.
Challenges of Proteus syndrome L Biesecker dysregulated fatty tissues instead of simply describing it as manifesting lipomas. Another common skin manifestation in PS is the linear verrucous epidermal nevus. 9, 10 This lesion may be present at birth in some patients, and if it is congenital, it is typically subtle and may be macular at that time. In most patients, it is not present at birth and instead the skin begins to thicken and darken in the first year of life. The lesion is typically dark brown to almost black, rough in texture, patchy and can follow the lines of Blaschko. A less common, but fairly specific skin lesion in PS is the cerebriform connective tissue nevus (CCTN). We have never observed a patient who was said to have a CCTN manifest at birth. The lesion evolves slowly, in some patients developing through adolescence. It begins as a localized thickening of the subcutaneous tissue and with time develops marked thickening, which may be a centimeter or more deep. This thickening commonly alternates with deep grooves, lending the lesion its 'cerebriform' descriptor. The lesion is found most commonly on the sole of the feet, less commonly on the hands and occasionally at the nares or medial puncta of the eyes. One patient had an extensive CCTN present in a shield shaped distribution on the chest wall. We suspect that this lesion can occur anywhere on the body but that it is rare in places other than those mentioned here. The facial phenotype of PS is present in a minority of patients, more commonly in those with cognitive deficits (for unknown reasons). This phenotype comprises downslanting palpebral fissures, flattening of the malar bones, relative lengthening of the face and a persistently open mouth.
PS appears to be associated with a number of tumors. It is difficult to be certain about this association for two reasons. First, PS is very rare and there is almost certainly ascertainment bias regarding the reporting of cases with tumors. Second, the associated tumors are of widely varying types. The two types of tumors most specifically associated with PS are monomorphic adenomas of the parotid glands and bilateral ovarian cystadenomas. These tumors are used in the diagnostic criteria because of their specificity. A wide variety of other tumors have been reported in patients with PS including unilateral ovarian cystadenomas and meningiomas (for a review, see Cohen et al 12 ) , but none of these tumors are sufficiently specific to warrant being considered as a diagnostic sign.
Diagnosis
As mentioned above, there is controversy regarding the diagnosis of PS. As has been true for many pleiotropic disorders described over the past 30 years, it can take some time for clinical researchers and practitioners to recognize these distinctions. Although it is now obvious to most observers, it must be stated that not all patients with asymmetric overgrowth, vascular malformations and skin lesions have PS. Our experience in researching PS suggests that the triad of findings (asymmetric overgrowth, vascular anomalies and skin manifestations) probably encompasses 5 -10 distinct disorders in addition to PS including NF1, hemihyperplasia and multiple lipomatosis syndrome (HHML) and a number of provisionally unique syndromes (Cohen and Biesecker, unpublished observations).
To address this issue, diagnostic criteria were delineated. 6 Again, these criteria are controversial so it is appropriate to review the history and rationale for their generation. Previous attempts have been made to develop criteria, although these have been supplanted by more recent efforts. One set of obsolete criteria were developed 14 that
were later modified by another group. 15 These criteria are clearly inadequate as they allow the label of PS to be applied to patients who clearly have hemihyperplasia, as exemplified by the case described in the report with the modified criteria. 15 The more recent criteria emanated from our experience with a large clinic where we evaluated 18 patients who had a diagnosis of PS. 7 The ability to see these many patients simultaneously was a unique experience, again as PS is very rare. At this clinic, it was immediately and obviously apparent (to the physicians, counselors and parents) that it was not possible that all the patients had the same condition. The families and we recognized that some of the patients had a static and generally milder condition that did not include CCTN, progressive overgrowth or the facial features described above. By evaluating a large cohort simultaneously, it was easy to divide the patients into three groups; the first group had the same condition described by Wiedemann 2 and Cohen 1 (eight patients, labeled as PS), the second group had a distinct phenotype that appeared to be a form of hemihyperplasia (eight patients, diagnosed with the newly designated HHML syndrome) and the final group had two patients, each of whom appeared to have their own, distinct disorder of overgrowth. 7 This experience was reviewed and formalized in a workshop that took place at
Challenges of Proteus syndrome L Biesecker the NIH campus in 1998, concurrently with a meeting of the United States Proteus syndrome support group. The meeting conferees reviewed the data on a large number of patients (published and unpublished) and distilled those data into a set of diagnostic criteria. 6 The diagnostic criteria have two categories of attributes; general and specific. The general attributes delineate the nonspecific features of PS by requiring that all patients have a mosaic distribution of the phenotype, are sporadic and the manifestations are progressive in nature. If a patient does not have all three of these criteria, the diagnosis of PS is rejected. If a patient has all three of the general attributes, the specific criteria should be assessed. These are listed in Table 1 . Some comments are necessary regarding several of these criteria. First, the CCTN (specific criterion A) is not equivalent to some wrinkling of the skin owing to subcutaneous overgrowth or lipomas. In fact, the CCTN involves a marked thickening of the cutaneous and subcutaneous tissues, typically with whorls of collagencontaining cells. Second, disproportionate overgrowth (specific criterion B2) does not include lipomas. It is well known that lipomas can expand with age and this expansion does not count for this criterion (instead it counts for specific criterion C1). As well, the disproportionate overgrowth that does occur is nearly always postnatal, severe, rapid and relentless. The affected tissues grow much faster than the unaffected tissues and the patients become markedly more deformed with time. If the clinician is in doubt about whether the patient has this manifestation, the criterion is not met.
We have found these criteria relatively easy to use, but some others have not. Although our internal consistency is high (199/205 cases yielded congruent assessment by three observers; MM Cohen Jr., J Turner and this author), there have been a number of cases where we did not agree with the application of these diagnostic criteria by others (eg, see Beisecker et al 16 The diagnostic criteria have utility in two arenas: clinical and research. In the clinic, it is abundantly clear that patients who meet the diagnostic criteria will follow a progressive course. This can be very discouraging for families, but it is helpful for clinicians to be aware of the issue. As noted above, patients with true PS generally suffer severe and relentless overgrowth. We have evaluated patients who experienced differential leg growth such that they had more than 20 cm leg length difference occuring in just a few years, whereas little or no asymmetry was present at birth. Another patient had the postnatal onset of hyperostosis of the skull, which transformed from normal to a 4-cm thick skull table in just a few years. Although Challenges of Proteus syndrome L Biesecker these are not meant to represent the average growth rate in patients with PS, they should give the reader a clear picture that the overgrowth is severe. As was said above, if one is unsure if the patient has progressive overgrowth, they do not. In addition, the patients who meet the criteria have several other distinct attributes. The rate of premature death in published patients with true PS is 20%, compared to 4% for patients who are claimed to have PS but do not meet the criteria. 8 Surprisingly, the ratio of males to females among reported cases who meet the diagnostic criteria is 1.9:1. 8 As there is little reason to suspect a priori that the diagnostic criteria would select for males or for lethality, these results suggest that the diagnostic criteria do identify a distinct biological group. It is acknowledged that one should avoid the circular reasoning of validating strict criteria because the resulting cohort has uniform attributes. However, we have been impressed that the diagnostic criteria identify significant associations with attributes not included in the criteria. 8 The great majority of patients who are referred to the NIH study but do not meet the criteria appear to have the HHML phenotype. In those patients, the prognosis is good as they do not appear to suffer from the aggressive overgrowth of PS and do not appear to be as susceptible to thrombosis (see below). However, patients with HHML are likely to be at elevated risk for Wilm's tumor and possibly hepatoblastoma, so it is appropriate to consider following the standard screening protocols for those tumors. 19 The diagnostic criteria are not without controversy. First, the literature has more reports of patients misdiagnosed than correctly diagnosed. 8 Some seem to argue that essentially all asymmetric overgrowth with vascular anomalies, lipomas or dermatologic symptoms is part of a broad and continuous spectrum that subsumes PS, KTS and various forms of syndromic hemihyperplasia (eg, HHML). Patients with KTS, PS and HHML do not follow similar courses and the clinician would be foolish to believe that they do. The second controversy surrounds the issue of PTEN mutations and PS. It has been claimed that several patients with PS or 'Proteus-like syndrome' have mutations in PTEN. 17, 18, 20 This argument will not be repeated here, but suffice it to say that most of these case reports include insufficient clinical data to make a diagnosis and in the few that do include sufficient clinical data, it is clear that the patients do not meet the PS diagnostic criteria. 8,16,21 -23 As
well, several groups have tested a large number of patients with typical PS and found no mutations in this gene.
16,24
As we have said before, the criteria may need to be adapted from time to time, as they have been in the past. 8 Ideally, such adaptations should reflect an evolving understanding of the phenotype in the context of developing knowledge regarding etiology. 25 Note should also be made that there are a number of patients with very mild PS. Typically, such patients are mild because the portion of their body that is affected is small, not because they have substantial areas affected with mild disease. This can make diagnosis challenging and it is acknowledged that there may be patients whose delimited phenotype is not captured by the diagnostic criteria. Again, it should be emphasized that it is the quantity of affected tissue that determines the severity of the syndrome but it is the nature of the symptoms that determines whether the patient has PS or an overlapping overgrowth disorder other than PS. Nearly all misdiagnosed patients are misdiagnosed because the nature of their signs was mis-assessed, not because of the extent or severity of the signs.
Management
The management of patients with PS is challenging. 26 The rapid overgrowth causes severe problems in most patients.
We have found it important, but difficult to manage the overgrowth in patients with PS. The treatment of overgrowth typically involves multiple orthopedic procedures over years to decades to control the overgrowth. In spite of aggressive treatment, patients can suffer severe functional and cosmetic consequences of this disorder ( Figure 2) . We have noted a paradox in caring for patients with PS. It is often said that it is best to delay surgical intervention until it is clear that it is 'absolutely necessary'. However, when it is 'absolutely necessary', the severity of the complication is such that the patient is deemed to be a poor surgical candidate and that surgery is contraindicated. We have been caught in this paradox ourselves and it is terribly frustrating. In such cases, one may need to proceed with surgery before the complication becomes debilitating.
It is now clear that one of the most common causes of death for patients with PS is deep venous thrombosis and pulmonary embolism, even in young children. 27, 28 Nearly all patients with PS who have been operated on at the NIH for complications related to PS have experienced some degree of difficulty with thrombosis. For this reason, we strongly recommend that all patients be considered for anticoagulant prophylaxis perioperatively. This prophylaxis can be difficult to implement because patients with PS may have vascular anomalies and the surgeries may be complicated by postoperative bleeding (eg, spinal fusions). Nevertheless, there are a number of unpublished cases known to this author of perioperative death from thrombosis and or embolism in patients with PS. For this reason, we routinely use anticoagulant prophylaxis and monitor patients closely for thromboses. In contrast to this strong recommendation to perform perioperative anticoagulant prophylaxis, we do not recommend chronic anticoagulation. There are no data to assess the risks and benefits of this approach and the long-term risks may be high in the setting of a syndrome with a high frequency of vascular anomalies.
The aforementioned predisposition to tumors is a thorny problem. First, the association is strongly suspected, but not proven. Second, although there are a number of tumor types that have occurred in more than one patient with PS, 29 the predisposition appears to be broad (ie, predisposition to a wide variety of tumors) and are not aware of any practical and effective method to screen for such tumors. Finally, there are no data to demonstrate that early detection of tumors in PS improves prognosis. For these reasons, we do not recommend routine imaging surveillance for tumors. Instead, we recommend regular check ups with a physician who has a relatively low threshold for ordering an appropriate evaluation if a patient develops signs or symptoms of a tumor.
Pathogenetic model and future research
The currently accepted pathogenetic model was proposed by Happle. 30, 31 He suggested that PS was caused by a somatic alteration (eg, mutation), that the tissues derived from that mutant clone manifested the symptoms of PS, and that the mutation is embryonic lethal in the nonmosaic state. This would explain a number of attributes of PS including the lack of recurrence in sibs or in offspring of affected patients, the existence of discordant monozygotic twins and the absence of diffusely affected patients (ie, all are patchy and the affected tissues vary widely among the patients). Again, this is a model and there are no data that prove this is correct. On the basis of this model and clinical experience, we give patients a very low recurrence risk as part of our genetic counseling for this condition. The lack of familial aggregation means that meiotic approaches to gene identification cannot be used. Instead, the gene will probably be identified by either a candidate gene approach, a patient with a recognizable chromosomal aberration and PS or whole genome assays that can distinguish subtle genomic differences in affected and unaffected tissues. We and several other groups are hard at work on these approaches and the affected families and we are eager for a breakthrough in this challenging and fascinating disorder of growth dysregulation. Challenges of Proteus syndrome L Biesecker
